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I.  INTRODUCTION 


Thermal,  plasma,  and  anodic  oxides  of  gallium  arsenide  (GaAs)  have  been 
heavily  explored  as  insulating  and  passivating  layers  for  this  important 
semiconductor,  with  relatively  little  success.  High  trap  density  at  the 
interface  leads  to  poor  electrical  characteristics. * Certain  nonnative 
insulators,  such  as  silicon  dioxide  (Si02)  and  silicon  nitride  (Si^N^) 
deposited  by  various  methods,  also  have  high  interface-state  densities.  In 
this  case  the  interface  states  seem  to  be  related  to  the  presence  of  an 
interfacial  layer  of  oxidized  GaAs,  either  native  oxides  present  before 
deposition,  or  oxides  created  during  the  deposition  process. 

For  example,  in  the  vacuum  ultraviolet  irradiation-( VUV)  assisted 
chemical  vapor  deposition  of  Si02  on  GaAs,  the  “Photox”  process  developed  by 
Hughes  Aircraft  Company,  a  GaAs  photochemical  oxide  is  found  at  the  GaAs-SiC^ 
interface  even  when  no  initial  GaAs  native  oxide  is  present  before  deposi¬ 
tion.®  Knowledge  of  the  mechanism  of  photochemical  oxidation  of  GaAs  is 
important  for  reducing  or  eliminating  this  layer,  and  for  enhancing  the 
usefulness  of  the  "Photox"  process  in  GaAs  passivation.  In  the  experiments 
reported  here,  the  kinetics  of  the  VUV  photochemical  oxidation  of  GaAs  by 
nitrous  oxide  (^0)  have  been  observed  by  X-ray  photoelectron  spectroscopy 
(XPS).  A  probable  mechanism  for  the  reaction  is  suggested  in  which  molecular 
N2O  adsorbs  on  clean,  stoichiometric  GaAs  prior  to  its  dissociation.  This 
model  is  suggested  by  the  temperature  dependence  of  the  reaction:  The 
reaction  is  less  complete  as  the  substrate  temperature  is  raised. 


II.  EXPERIMENTAL  PROCEDURE 


The  GaAs  coupons  were  polished  <100>  faces  of  £_-type  material,  zinc 
(Zn)-doped  to  a  carrier  concentration  of  5  x  10*®  cm-^.  To  produce  the 
native  oxides,  coupons  were  cleaned  with  27,  bromine  (Br)  in  methanol  for  10 
sec,  rinsed  in  methanol,  then  placed  in  air  at  room  temperature  for  several 
months . 

For  the  photochemical  oxidation  experiments,  the  photochemical  reactor 
was  enclosed  in  a  glove  bag  filled  with  flowing  N2»  The  GaAs  coupons  were 
etched  in  the  glove  bag  in  either  27,  in  methanol  for  10  sec  (to  produce  a 
stoichiometric  surface),  or  in  concentrated  HC1  for  15  rain  (to  produce  an  As- 
rich  surface),^  rinsed  in  ethanol,  and  loaded  into  the  reactor  chamber.  Since 
this  procedure  was  carried  out  in  the  glove  bag,  the  cleaned  samples  were 
never  exposed  to  air.  To  the  sensitivity  of  our  XPS  measurements,  no  oxidized 
Ga  or  As  is  present  on  the  surface.  In  the  reactor  the  substrate  was  placed 
on  a  heated  copper  block  where  it  would  be  illuminated  from  above  by  a  low- 
pressure  mercury  (Hg)  lamp.  The  photon  flux  of  the  lamp  is  about  lx  10*^ 
photons/cm^  sec,  equally  split  between  the  2537-A  and  1849^A  lines.  Both 
lines  have  sufficient  energy  for  e~h+  pair  production  in  GaAs,  and  the  1849- 
A  line  can  dissociate  ^0  to  produce  ^(  E)  and  0(JP,  D).  ^0  was  introduced 

into  the  evacuated  chamber  at  a  flow  rate  of  60  standard  cubic  centimeters  per 
min  (SCCM),  and  the  pumping  speed  was  adjusted  to  establish  a  pressure  of 
6  Torr  in  the  chamber.  These  conditions  are  similar  to  those  used  in  the 
photochemical  deposition  of  Si02  on  GaAs.  The  chamber  has  been  used  with  a  Hg 
sensitizer,  but  Hg  was  not  intentionally  added  to  the  ^0  in  these  experi¬ 
ments.  After  the  flow  of  N2O  was  established,  the  lamp  was  turned  on  for  an 
arbitrarily  chosen  period  of  time.  As  a  result  of  the  geometry  of  the 
reactor,  the  Hg  lamp  illuminates  both  the  gas  and  the  substrate  surface. 

The  coupons  were  removed  from  the  reactor  chamber,  again  in  an  N2  envir¬ 
onment,  and  placed  in  a  desiccator.  The  desiccator  was  transferred  to  an  N2- 
filled  glove  bag  attached  to  a  modified  GCA-McPherson  ESCA-36  XPS  spectrometer 
that  had  a  spherical-sector  analyzer  and  a  position-sensitive  detector.*®  The 


coupons  were  loaded  into  the  spectrometer,  also  in  an  N2  atmosphere,  and  the 
spectrometer  was  evacuated  to  1  x  10' 7  Torr.  The  entire  procedure,  from  the 
unloading  of  the  reactor  chamber  to  the  XPS  analysis,  generally  took  less  than 
30  min. 
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III.  RESULTS 


A.  GaAs  NATIVE  OXIDES 

The  compositions  of  GaAs  native  oxides  have  been  measured  many 

Q  1  1 

times.  »  The  results  of  this  study  are  in  agreement  with  the  literature: 

the  oxide  is  802  gallium  trioxide  (Ga2C>3),  with  20%  arsenic  trioxide  (AS2O3) 

and  occasionally  a  small  amount  of  arsenic  pentoxide  (AS2O5),  depending  on 

preparation  conditions  (Fig.  1).  The  oxidized  As  peak,  separated  by  3.8  to 

4.2  eV  from  the  more  prominent  peak  as  a  result  of  GaAs  in  this  study,  is 

12 

assigned  to  AS2O3  by  comparison  to  binding  energy  values  for  bulk  As^O^. 

Some  workers  have  found  smaller  values  for  this  separation  for  lightly  oxi¬ 
dized  GaAs,^  values  that  could  be  due  to  either  oxygen  deficiency  of  the 
oxides  or  band-bending  effects.  There  is  elemental  As  present  in  the  native 
oxide.  The  elemental  As  signal  is  unresolvable  from  the  GaAs  As  signal  in 
these  experiments  because  of  the  signals'  ~  0.5-eV  separation.  However,  the 
full  width  at  half  maximum  (FWHM)  of  the  As  XPS  peak  in  a  native-oxide-covered 
surface  is  1.9  eV,  compared  to  1.4  eV  for  a  clean  surface;  this  clearly  indi¬ 
cates  the  presence  of  unresolved  structure. 

An  additional  form  of  oxidized  As  is  present  in  the  native  oxide  after 
exposure  to  VUV  radiation  (Fig.  2).  It  is  not  as  highly  oxidized  as  AS2O3,  as 
shown  by  its  XPS  peak  position  intermediate  between  those  of  GaAs  and  AS2O3. 
The  As(raetal)-As203  separation  of  approximately  3.6  eV  for  a  change  of  3  in  As 
oxidation  state^  implies  that  the  2.8-eV  separation  between  GaAs  and  par¬ 
tially  oxidized  As  corresponds  to  a  formal  As  oxidation  state  of  about  2. 

This  should  not  be  taken  as  an  indication  of  the  presence  of  an  actual 
compound  "AsO.”  The  +2  oxidation  state  of  As  is  not  stable.  Instead,  this 
separation  means  that  one  of  the  As-0  bonds  has  been  broken  during  VUV 
irradiation,  and  the  oxide  is  oxygen  deficient.  There  is  also  a  pronounced 
shoulder  on  the  most  intense  As  peak;  we  attribute  this  to  elemental  As. 
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Fig.  1.  XPS  Spectrum  of  Native-Oxide-Covered  GaAs 
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V.  CONCLUSIONS 


The  photochemical  oxidation  of  clean,  stoichiometric  GaAs  probably  pro¬ 
ceeds  by  (1)  adsorption  of  N2O,  (2)  dissociation  of  the  N2O  on  the  VUV-excited 
surface,  and  (3)  oxidation  of  the  surface  by  the  adsorbed  0  atoms.  The  tem¬ 
perature  dependence  of  the  overall  reaction  is  dominated  by  the  temperature 
dependence  of  adsorption  of  ^0.  An  As-rich  surface  oxidizes  more  slowly  and 
the  oxidation  process  saturates  at  30  min.  In  this  case,  either  gas-phase  or 
surface  dissociation  of  ^0  may  occur;  the  rate-limiting  step  and  cause  of 
saturation  is  the  oxidation  of  the  surface  by  adsorbed  0  atoms.  The 
As-covered  surface  does  not  present  the  proper  sites  (As  atoms  surrounded  by 
Ga  atoms)  for  fast,  continued  oxidation  of  GaAs. 
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and  their  transport  to  the  surface  is  less  probable  than  the  adsorption  and 
decomposition  of  ^0  for  the  previously  considered  case  of  a  clean  surface, 
which  would  account  for  the  overall  slowing  of  the  reaction.  However,  it 
would  not  account  for  the  saturation  of  oxidation  after  30  min. 

The  final  step  of  the  photochemical  oxidation  reaction,  the  oxidation  of 
GaAs  by  adsorbed  0  atoms,  must  be  rate-limiting  in  this  case.  This  step 
should  be  very  geometry-  and  composition-dependent.  For  example,  room- 
temperature  adsorption  of  O2  has  been  found  to  produce  two  adsorbed  oxygen- 
containing  species  on  GaAs  surfaces  of  various  geometries  and  cc  ..positions :  an 
adsorbed  molecular  form,  bound  predominantly  to  As,  and  an  oxidic  form,  bound 
predominantly  to  Ga.^  Electron  irradiation  of  the  adsorbed  molecular  form 
converted  it  to  the  oxidic  form.  The  mechanism  of  this  reaction  requires 
molecular  adsorption  sites  in  which  the  As  atoms  are  surrounded  by  Ga  atoms  to 
enable  subsequent  reaction.  An  As-rich  surface  will  have  fewer  such  sites  and 
should  show  reduced  reaction  with  adsorbed  0  atoms.  That  is,  the  surface 
concentration  of  0  in  appropriate  sites  for  reaction  is  rate-limiting. 

The  limited  oxidation  of  an  As-rich  surface  has  been  used  in  the  protec¬ 
tion  of  GaAs  from  atmospheric  effects,  by  creation  of  an  As-rich  layer  on  the 
surface  by  molecular  beam  epitaxy  (MBE)^  or  electrochemical  methods.^ 

Layers  of  As  50  to  1000  A  thick  were  found  to  oxidize  only  at  their  surfaces 
in  air  at  room  temperature  and  to  prevent  oxidation  of  the  substrate  GaAs.  In 
the  present  experiments  the  thickness  of  the  As  layer  created  by  the  HC1  etch 
could  not  be  measured,  since  its  XPS  signal  was  unresolvable  from  that  of  the 
substrate.  It  is  probably  much  thinner  than  the  MBE  and  electrochemical 
films,  and  may  not  be  continuous.  However,  even  in  this  case  the  oxidation 
rate  is  decreased  when  the  surface  layers  are  As-rich. 
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N20  +  GaAs  *  N20»GaAs  (1) 

N20»GaAs  +  hv  +  (NjO*  GaAs )*  (2) 

(N20*GaAs)*  -*•  0*  GaAs  +  N2(g)  (3) 

0*GaAs  +•  oxides  (4) 


where  ^O'GaAs  and  0*GaAs  represent  adsorbed  N2O  and  0  atoms,  respectively. 

Another  possible  explanation  of  the  decreases  in  F  with  increasing  tem¬ 
perature  is  that  unoxidized  Ga  and/or  As  diffuses  into  the  oxide  layer,  thus 
increasing  the  denominator  of  the  fraction  F.  However,  solid-state  diffusion 
processes  usually  have  activation  energies  of  rens  of  kcal,  many  times  greater 
than  that  observed  here. 

The  thickness  of  the  oxide  layers  can  be  calculated  approximately^  with 
two  assumptions.  First,  the  escape  depth  X  of  the  photoelectrons  was  taken  to 
be  15  A  for  both  Ga  and  As.  Second,  the  oxide  layer  is  assumed  to  be  a  homo¬ 
geneous  film  with  an  abrupt  interface  on  top  of  the  GaAs  substrate.  The 
thickness  of  the  native  oxide  is  calculated  to  be  5  A ,  while  the  thickest  pho¬ 
tochemical  oxide  on  a  B^-etched  surface  in  these  experiments  is  ~  8  A  thick. 

The  surface  stoichiometry  has  a  profound  effect  on  the  reaction.  The 
As-covered  surface  does  not  oxidize  as  readily  as  the  stoichiometric  surface: 
the  fraction  of  oxidation  is  less  and  saturates  at  ~  30  min.  The  approximate 
thickness  of  the  oxide  layer  at  this  point  is  only  6  A.  The  reaction  has  no 
discernible  temperature  dependence,  of  reaction,  as  a  temperature-dependence 
plot  shows  (Fig.  6b).  The  change  in  surface  stoichiometry  may  eliminate  or 
reduce  the  physisorption  sites  for  NjO,  requiring  gas-phase  dissociation  of 
N2O  and  transport  of  0  to  the  surface.  The  gas-phase  production  of  0  atoms 
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IV.  DISCUSSION 


The  observed  temperature  dependence  of  Che  photochemical  oxidation  (a 
decrease  in  the  fraction  of  oxidation  as  temperature  increases)  of  clean, 
stoichiometric  GaAs  by  ^0  and  VUV  irradiation  indicates  that  a  gas  adsorption 
step  could  be  present  in  the  reaction  mechanism.  The  photodissociation  of 
^0,  whether  in  the  gas  phase  or  on  the  surface,  is  temperature  independent, 
and  the  rate  of  oxidation  of  GaAs  by  adsorbed  oxygen  (0)  atoms  produced  by  the 
dissociation  of  ^0  should  increase  slightly  with  increasing  temperature.  An 
adsorption  step  will  have  its  equilibrium  shifted  towards  reactants 
(unadsorbed  gas  and  the  clean  surface)  by  increased  temperature.  Then,  since 
there  is  less  gas  adsorbed  at  higher  temperature,  the  overall  reaction  will  be 
slower.  Another  possibility  would  be  diffusion  of  Ga  or  As  into  the  oxide 
layer  (this  will  be  discussed  later). 

Given  the  assumption  that  a  gas  adsorption  step  is  responsible  for  the 
temperature  dependence,  the  adsorption  energy  Q  can  be  calculated  from  the 
temperature  dependence  of  adsorption  through  the  equation  Faew  (Fig.  6a), 
and  is  2  ±  1  kcal/mole,  a  value  typical  of  physical  adsorption.  Oxygen  atoms 
created  on  the  surface  by  electron  irradiation  are  known  to  adsorb  strongly  to 
GaAs, and  the  "excited  oxygen"  used  in  many  oxidation  studies  to  produce 
fast,  heavy  oxidation  may  also  be  atomic  oxygen.^  The  adsorbing  species  in 
the  experiments  described  here  is  only  physisorbed,  and  thus  is  probably 
N2O.  The  0  atoms  produced  in  the  gas  phase  may  be  quenched  too  quickly  in  our 
experimental  conditions  to  live  long  enough  to  react  with  the  surface, 
although  this  seems  unlikely.  Another  possibility  is  that  the  oxygen  atoms 
produced  in  these  experiments  are  not  as  reactive  as  those  produced  by 
electron  irradiation  or  by  interaction  with  an  ion-gauge  filament;  indeed,  the 
states  of  these  latter  two  forms  of  "excited  oxygen"  have  not  been 
characterized.  Therefore,  the  photodissociation  of  ^0  occurs  while  it  is 
adsorbed  on  the  surface,  either  directly  or  through  mediation  by  the  excited 
surface.  The  adsorbed  0  atoms  produced  by  this  step  then  react  with  the  GaAs 
surface  to  produce  Ga  and  As  oxides.  The  overall  reaction  can  be  pictured  as 
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have  F  *  0.4.  On  the  B^-etched  surface  for  reaction  temperatures  of  70  and 
100°C,  the  reaction  does  not  appear  to  be  nearing  completion;  F  is  still 
increasing  at  60  min.  Reactions  were  not  run  for  longer  periods  of  time,  so 
the  value  of  F  at  completion  is  not  known.  For  lower  temperatures  the 
reaction  appears  to  slow  after  30  min.  Except  for  the  23°C  case,  the  fraction 
of  oxidation  decreases  with  increasing  temperature.  On  the  HC1 -etched  surface 
the  reaction  is  clearly  slowing  after  30  min;  it  is  probably  complete  at  60 
min  for  all  temperatures  studied,  and  has  no  obvious  temperature  dependence. 


FRACT 


Fig.  5.  Progress  of  Photochemical  Oxidation  of  GaAs,  Illustrated 
by  the  Fraction  of  Oxidation  as  a  Function  of  Time. 

Error  bars  represent  the  reproducibility  expected  in  F  as 
a  result  of  the  15Z  reproducibility  of  XPS  Intensity  measure' 
ments.  (a)  B^-etched  surface,  (b)  HCl-etched  surface. 
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Fig.  4 
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.  XPS  Spectrum  of  HCl-Etched  GaAs  after  Exposure  to  ^0  and  VUV 
Radiation  for  30  min  at  40®C 
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Table  1.  Photochemical  Oxide  Composition 


Etch  Temperature,  °C 


Reaction 
Time ,  min 


As  (oxides)3  Oxidation 
Ga202  Fraction 


B.  GaAs  PHOTOCHEMICAL  OXIDE 

The  photochemical  oxide  grown  under  our  reaction  conditions  on  a  stoichi¬ 
ometric  Br2~etched  GaAs  surface  has  equal  amounts  of  oxidized  Ga  and  As  and  is 
not  Ga2C>3-rich,  as  is  the  native  oxide  (Table  1).  The  Ga  oxide  present  is 
Ga203>  and  the  As  oxides  are  A82O3  and  the  less  oxidized  "AsO"-like  form 
mentioned  above  (Fig.  3).  Elemental  As  is  present,  as  indicated  by  the  FWHM 
of  the  GaAs  As  peak  of  1.7  eV.  The  photochemical  oxide  grown  on  an  As-rlch, 
HCl-etched  surface  is  As-rich  (Table  1  and  Fig.  4).  In  fact,  for  short  reac¬ 
tion  times  only  oxidized  As  (predominantly  AsO)  is  observed,  and  no  oxidized 
Ga  is  present.  Without  VUV  exposures,  no  oxide  is  formed  on  either  type  of 
surface. 

The  progress  of  the  reaction  can  be  monitored  by  calculating  the  fraction 
F  of  the  total  Ga  and  As  in  the  analysis  volume  that  is  oxidized  (Table  1 , 
column  5;  Fig.  5).  F  is  calculated  by  taking  the  sum  of  the  peak  intensities 
for  GaAs,  Ga2C>3,  and  As  as  AS2O3  and  “AsO"  and  dividing  that  quantity  by  the 
sum  of  the  peak  intensities  for  Ga  and  As  in  these  forms  as  well  as  in  oxi¬ 
dized  GaAs.  Peak  heights  rather  than  peak  areas  were  used  because  of  the 
difficulty  of  uniquely  resolving  overlapping  peaks.  The  0  (15)  spectra  were 
not  used  in  the  analysis  since  they  were  very  broad,  indicating  the  presence 
of  more  than  one  type  of  0  environment,  and  could  not  be  resolved.  The  peak 
intensities  have  been  corrected  for  the  spectrometer  sensitivity  but  not  for 
matrix  effects  (which  are  largely  unknown),  molar  volumes  (which  are  not  well 
defined,  especially  for  the  oxygen-deficient  oxide  “AsO"),  or  depth  into  the 
sample  of  the  emitting  atom  (since  it  is  not  known  whether  the  layers  are 
smooth  or  island-like).  If  the  oxides  are  present  as  islands,  the  signal  for 
the  oxides  will  not  rise  as  rapidly  as  it  would  if  the  oxides  were  smooth 
layers,  and  the  signal  for  the  substrate  will  not  fall  as  rapidly.  Thus  F 
will  depend  less  on  reaction  time  for  an  island-growth  mode  than  for  a  smooth- 
layer  growth  mode,  but  will  follow  the  same  general  trends. 


For  the  native  oxide,  F  ■  0.4,  or  40%  of  the  Ga  and  As  in  the  region 
sampled  by  XPS  is  oxidized  (as  discussed  below,  this  can  be  thought  of  as  an 
oxide  -5  A  thick).  For  a  60-min  reaction  time,  the  photochemical  oxides  also 
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